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ABSTRACT
We develop a semi-analytic model to explore the physical properties of cool pressure-confined cir-
cumgalactic clouds with mass ranging from 10 to 108 M in a hot diffuse halo. We consider physical
effects that control the motion and mass loss of the clouds, and estimate the lifetime and the observed
properties of individual cool gas clouds inferred from the CLOUDY simulation. Our results show that
the cool pressure-confined gas clouds have physical properties consistent with absorption line systems
with neutral hydrogen column densities NHI ≥ 1018.5cm−2 such as strong metal absorbers, sub-DLAs,
and DLAs. The cool circumgalactic clouds are transient due to evaporation and recycling and there-
fore a constant replenishment is needed to maintain the cool CGM. We further model the ensemble
properties of the cool CGM with clouds originated from outflows, inflows, or/and in-situ formation
with a range of initial cloud mass function and velocity distribution. We find that only with a certain
combination of parameters, an outflow model can broadly reproduce three cool gas properties around
star-forming galaxies simultaneously: the spatial distribution, down-the-barrel outflow absorption, and
gas velocity dispersion. Both a constant insitu model and gas inflow model can reproduce the observed
covering fractions of high NHI gas around passive galaxies but they fail to reproduce sufficient number
of low NHI systems. The limitations and the failures of the current models are discussed. Our results
illustrate that semi-analytic modeling is a promising tool to understand the physics of the cool CGM
which is usually unresolved by state-of-the-art cosmological hydrodynamic simulations.
Keywords: quasars: absorption lines, galaxies: halos, intergalactic medium
1. INTRODUCTION
Gas around galaxies, the cirumgalactic medium
(CGM, Tumlinson et al. 2017, for a review), plays a
key role in galaxy formation and evolution. As the in-
terface between galaxies and the intergalactic medium
(IGM), the CGM contains signatures of gas flow pro-
cesses that drive the evolution of galaxies. Since the
first discovery of the CGM (Bergeron 1986), studies
have revealed the complex nature of the CGM. The
CGM is multi-phase, consisting of gas with wide ranges
of temperature and density. In addition, the properties
of galaxies and their CGM have complicated relation-
ships; while cool gas (∼ 104 K) appears to exist around
both star-forming and passive galaxies (e.g., Chen et al.
2010; Thom et al. 2012; Lan et al. 2014), warm gas is
much more abundant around star-forming galaxies than
around passive galaxies (e.g., Tumlinson et al. 2011).
To interpret these observational results, simulations
and theories for the CGM have been developed. Re-
cently, many studies have attempted to address the ori-
gin of the excess of warm gas traced by OVI absorption
lines (diffuse gas with ∼ 105.5 K assuming collisional
ionization) around star-forming galaxies (e.g., Bordoloi
et al. 2017; Faerman et al. 2017; Mathews & Prochaska
2017; Nelson et al. 2018; McQuinn & Werk 2018; Stern et
al. 2018). On the other hand, although cool gas has been
observed ubiquitously around galaxies (as, e.g., traced
by MgII absorption lines), only limited attempts have
been made to model and understand the origin of the
cool halo gas (e.g., Mo & Miralda-Escude 1996; Maller
& Bullock 2004; Kaufmann et al. 2009; Bordoloi et al.
2014; Faucher-Gigue`re et al. 2016; van de Voort et al.
2018). More importantly, observations (e.g., Rauch et
al. 1999; Rigby et al. 2002; Prochaska & Hennawi 2009;
Lan & Fukugita 2017) and simulations (e.g., McCourt
et al. 2018; Liang & Remming 2018; Sparre et al. 2018;
Suresh et al. 2018) have shown that the physical scale
relevant to the cool circumgalactic gas is of the order
of a few tens of parsec or even smaller, which is several
orders of magnitude smaller than the resolution of any
current galaxy hydrodynamic simulations (see Figure 9
in Sparre et al. 2018). This discrepancy poses a chal-
lenge to understanding the physics for the CGM and
galaxy formation.
To overcome the limitation of numerical resolution, we
develop a semi-analytic model for the cool circumgalac-
tic gas, motivated by earlier analytic works. We revisit
the idea of cool gas clouds being in pressure equilibrium
with an ambient hot halo gas (Mo & Miralda-Escude
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Figure 1. Hot gas density and temperature profiles.
1996; Maller & Bullock 2004) and estimate their life-
time, motion, and trajectory by taking into account the
effects of gravity, ram pressure and heat evaporation.
We model the ensemble properties of the cool gas clouds
in halos considering scenarios of outflows, inflows, and
in-situ formation. With this flexible model, our goal is
to explore how physical mechanisms affect the proper-
ties of the CGM and to constrain parameter space of
these mechanisms with observations.
This paper is organized as follows. In Section 2, we de-
scribe the considered physical effects for cool gas clouds.
In Section 3, we summarize the evolution of individ-
ual clouds and present the ensemble properties of cool
gas and their evolution. We discuss other implications
in Section 4 and summarize our results in Section 5.
Throughout the paper we adopt a flat ΛCDM cosmol-
ogy with h = 0.7 and ΩM = 0.3.
2. MODEL SETUP
To explore the properties of cool pressure-confined
clouds in the CGM, we first introduce the model com-
ponents that control the motion and the lifetime of indi-
vidual clouds (§2.1). We then describe our outflow and
inflow models to populate an ensemble of clouds into
the CGM and to characterize the statistical properties
of the cool clouds (§2.2).
2.1. Model components for individual clouds
Basic properties- The evolution of cool clouds is
modeled under the influence of a dark matter halo and
a hot diffuse gas halo. We adopt a 1012 M dark matter
halo, which corresponds to ∼ L∗ galaxies (Yang et al.
2003, 2012), with a NFW profile (Navarro et al. 1996)
and concentration c = 10. This halo mass is chosen
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Figure 2. Cloud properties as a function of position. Top:
104 K cool gas volume density. Middle: neutral hydrogen
(solid color lines) and total hydrogen (dashed color lines)
column densities as a function of cloud mass. The data points
show the neutral hydrogen column densities traced by strong
MgII absorbers from observations. Arrows indicate upper
limits. Note that data points are in the projected distance.
Bottom: cloud radius as a function of mass.
in order to compare with available observational mea-
surements. The effect of halo mass will be discussed
in Section 4. For the hot gaseous halo, we use the gas
profile derived by Maller & Bullock (2004), assuming
that the initial hot gas had cooled over 6 billion years
and the residual hot gas had reached hydrostatic equi-
librium adiabatically at z = 0.5. The metallicity of the
hot gas is assumed to be 0.1 solar. Figure 1 shows the
adopted hot gas density (left axis) and the temperature
(right axis) profiles. This hot gas profile is similar to the
3observed hot gas profile of the Milky Way (e.g., Gupta
et al. 2017).
The physical properties of cool gas clouds are obtained
by assuming that cool gas clouds are in pressure equi-
librium with the surrounding hot gas halo (e.g. Mo &
Miralda-Escude 1996),
ncloud Tcloud = nhot Thot. (1)
This is motivated by the fact that a gas cloud can es-
tablish pressure equilibrium with its surrounding typi-
cally within the sound crossing time. For a cloud with
104 M, n ∼ 0.3 cm−3, and T ∼ 104K, the sound cross-
ing time is about 10 Myr, much shorter than the survival
time of the clouds, which is greater than 100 Myr. We
assume that the temperature of gas clouds is 104 K with
spherical geometry. The physical properties of a cool gas
cloud of a given mass Mcloud, such as its size rcloud, vol-
ume density ncloud, the total hydrogen column density
NH, neutral hydrogen column density NHI, and ioniza-
tion fraction, are then obtained self-consistently by using
CLOUDY simulation (Ferland et al. 2013). Gas clouds
are assumed to be photo-ionized by an extra-galactic ra-
diation field described by the model of Haardt & Madau
(2001)1.
In Figure 2, we show the properties of cool clouds as
functions of cloud mass and location in the halo. The
top panel shows the volume densities of the cool gas
clouds. In the middle panel, the solid color lines show
the neutral hydrogen column densities NHI of clouds and
the dashed lines show the total hydrogen column densi-
ties. The neutral hydrogen column densities fall within
the range between 1018 and 1020.5 cm−2, similar to that
observed in sub-damped Lyman systems (strong Lyman-
limited systems) and damped Lyman systems. For com-
parison, the grey squares show the neutral hydrogen col-
umn densities traced by strong MgII absorbers, obtained
by using MgII galaxy-absorber pairs from Nielsen et al.
(2013) and the empirical relationship between MgII rest
equivalent width and neutral hydrogen column density
from Lan & Fukugita (2017):
NHI ' 1019
(
Wλ2796
1A˚
)1.7(
1 + z
)1.9
cm−2. (2)
Note, however, that the grey data points use the pro-
jected distance instead of the three-dimensional distance
in the halo.
At small scales, the neutral hydrogen column density
depends on the volume density of clouds:
NHI ∝ nHI × rcloud ∝ n2/3H M1/3cloud. (3)
However, beyond a certain distance scale, the neutral
hydrogen column densities drop rapidly due to that the
1 We use the unpublished updated 2005 version implemented
in the CLOUDY simulation.
volume density of the cloud is too low to be self-shielded
from the ionization radiation field. This scale depends
on the cloud mass, as shown in the figure. In the bot-
tom panel of Figure 2, we show cloud radius (assuming
spherical shape) as a function of mass and distance. The
cloud radius ranges from 10 pc to a few hundred pc, with
a typical value of ∼ 100 pc for cloud mass ∼ 104 M.
Motion and survival- To model the motion and sur-
vival of the cool clouds in the halo, we consider the fol-
lowing effects:
• Motions of clouds -
the motion of a cloud is governed by the gravita-
tional potential provided by the dark matter halo
and the ram pressure of the hot gas halo:
Mcloud
d2r
dt2
= −GMDM(< r)Mcloud
r2
− Fram (4)
where G is the gravitational constant. The ram
pressure drag force from the hot gas (e.g., Maller &
Bullock 2004), which always decelerates the cloud,
is defined as
Fram =
1
2
Cd ρhot(r) vcloud(r)
2 × pir2cloud (5)
where ρhot(r) is the mass density of hot gas at posi-
tion r, vcloud(r) is the radial velocity of the cloud,
and rcloud is the radius of the cloud. Following
Maller & Bullock (2004), we set ram pressure ef-
ficiency, Cd, to be 1 as the default value but will
explore the effect of changing its value in Section
3.3.1. The cloud deceleration from ram pressure
scales with the column density of clouds as N−1H .
Thus, the ram pressure effect is smaller for more
massive clouds. In this paper, we only consider
radial motion of clouds.
• Cloud disruptions - there are several mecha-
nisms that could affect the mass of a cloud. Mo &
Miralda-Escude (1996) (see also Maller & Bullock
(2004)) provides a detail summary about the pos-
sible mechanisms. Here we briefly discuss the key
mechanisms:
(1) Self-gravity - The upper limit of a cloud mass
in our analysis is constrained by the Jeans mass
(Jeans 1902) above which the cloud collapses due
to its self-gravity. The Jeans mass of clouds in our
model setup is about 108M.
(2) Hydrodynamic instability - When a dense
cloud moves through a hot gas halo, the cloud is
subject to the hydrodynamic instability, such as
Kelvin-Helmholtz instability and Rayleigh-Taylor
instability. The characteristic timescale of the in-
stabilities (e.g. Murray et al. 1993) are
tinstability ∼ rcloud
Vcloud
√
THot
Tcloud
. (6)
4Based on the characteristic timescale, a cool gas
cloud can only travel a distance that is about 10
times its radius (assuming THot ∼ 100 Tcloud) be-
fore it is destroyed by the instability. However,
several studies have shown that other mechanisms
can suppress the effects of hydrodynamical insta-
bilities, such as radiative cooling (Vietri et al.
1997), magnetic fields (e.g. McCourt et al. 2015),
and the presence of heat conduction layers (Armil-
lotta et al. 2017), and mixing layer between cool
and hot gas (Gronke & Oh 2018). Motivated by
these studies, we assume that the clouds are intact
under the effect of the hydrodynamic instability.
(3) Heat evaporation - Surrounded by hot am-
bient gas, cool gas clouds are subject to mass loss
due to the heating by the hot gas. The classic
mass loss rate due to the evaporation is derived
by Cowie & McKee (1977):
M˙cloud,classic =
dMcloud
dt
= 2.75× 104 T 5/2hot rcloud
(
30
ln Λ
)
g s−1
= 0.44
(
T
106 K
)5/2(
rcloud
pc
)
M
Myr
,(7)
where ln Λ is the Coulomb logarithm with value
about 30. Dalton & Balbus (1993) generalize the
mass loss rate including the case when the heat
conduction is saturated:
M˙cloud = f w M˙cloud,classic, (8)
where w is the modified factor depending on the
saturation parameter,
σ0 =
2κhot Thot
25Φ ρhot c3hot rcloud
(9)
with κhot = 1.84× 10−5 T 5/2hot (ln Λ)−1 [cgs], Φ be-
ing an efficiency factor of the order of unity, which
is set to be 1, and chot being the sound speed of
the hot gas. If σ0 is greater than 1, the saturation
will reduce the mass loss rate to w M˙cloud,classic.
If 0.027 < σ0 < 1, the cloud undergoes classical
evaporation. Finally, we introduce a suppression
factor f for the evaporation rate in Eq. 7. We
adopt f = 0.05 to account for the effect of other
mechanisms such as magnetic field (e.g., Chandran
& Cowley 1998) on the efficient of mass evapora-
tion. We note that some studies have constrained
the f value to be about 0.01 or lower (e.g., Binney
& Cowie 1981; Nipoti & Binney 2004). We discuss
the effect of f value in Section 4.
2.2. Model components for an ensemble of clouds
To investigate how the statistical properties of cool
clouds, such as their spatial distribution, depend on the
origin of the clouds, we populate an ensemble of clouds
in a halo by considering the following model compo-
nents:
• Origins of cool gas clouds - we consider cool gas
clouds have three origins: (1) outflow gas clouds
ejected at 1 kpc from the center of the halo, (2)
inflow gas from the virial radius of the halo, and
(3) in-situ gas formed in the halo with distribution
following NFW and power law profiles.
• Gas flow mass rate - we consider a burst gas
flow and a constant gas flow for the outflow mod-
els. Mass outflow rate for the burst model follows
an exponential form similar to the star-formation
history of galaxies (e.g. Bruzual & Charlot 2003):
dMoutflow
dt
= 340 e−t/200Myr M/yr. (10)
For the constant outflow and inflow models, we as-
sume a constant gas flow with 20 M yr−1. These
models eject 8× 1010 M in total over 4000 Myr,
and the value is chosen to produce the cool CGM
mass of about 1010 M, similar to that observed.
We note that there is a degeneracy between the
gas flow rate and the evaporation suppression fac-
tor f for the evaporation, as discussed in Section
4.
• Initial cloud mass function - to populate the
total gas mass into clouds, we introduce an initial
cloud mass function to account for possibly cover-
age of cloud masses. We assume that (i) the mass
spectrum of cool gas clouds follows a power law
distribution with a power α:
N(Mcloud) ∝Mαcloud, (11)
(ii) the mass spectrum follows a Schechter function
with a power α and a characteristic cloud mass
M∗:
N(Mcloud) ∝Mαcloud × e−Mcloud/M∗ . (12)
In addition, we put limits on the initial maximum
and minimum cloud masses. The maximum cloud
mass is 108 M above which the clouds collapse
due to self-gravity. The minimum cloud is set to
be 102 M. The initial cloud mass function plays
an important role in the structure of the circum-
galactic medium. The value of α determines how
the total cloud mass is distributed in cloud mass
and, therefore, the column density NHI distribu-
tion in the CGM and the covering fraction of gas
clouds around galaxies. We will pay special atten-
tion to how the properties of the CGM depend on
α.
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Figure 3. Examples of trajectories of clouds with initial velocity of 500 km/s (escaping velocity) and initial mass from 102 to
107 M. Half fill cycles (empty cycles) indicate the times when clouds loss half (all) of their initial mass due to evaporation.
The dashed line shows the trajectory without the effect of hot gas. The hot gas prevents the escape of clouds with ram pressure
and destroys the small cool clouds with evaporation.
• Velocity distribution - we assume that the ve-
locity distribution of outflow clouds follows a nor-
mal distribution with mean velocity equal to 300,
500, or 700 km/s, and a width of 200 km/s. These
numbers are motivated by observations (e.g. Ru-
bin et al. 2014) and theoretical models (e.g. Mur-
ray et al. 2011). Clouds are assumed to be ejected
from the center isotropically.
3. RESULTS
3.1. Evolution of individual clouds
We first study the motion and mass evolution of clouds
derived from Equations (4) and (8). Figure 3 shows ex-
amples of the trajectories of clouds with masses from
102 (blue line) to 107 M (red line), and with initial ve-
locity Vinit = 500 km/s ejected at 1 kpc from the center
of the halo. Ballistic motion without the effect of ram
pressure is shown with the black dashed line. The half-
filled and open circles indicate the times when the cloud
has lost half of its initial mass and is totally evaporated,
respectively. As shown in the figure, the effect of ram
pressure depends on the mass of clouds: massive clouds
are able to travel beyond 100 kpc while small clouds
are stopped by ram pressure and fall back within 50
kpc. Without ram pressure, clouds with the same ini-
tial velocity should all follow the ballistic motion. For
cloud masses < 107M, no clouds can escape the halo
even if the initial velocity is comparable to the escape
velocity of the gravitational potential. In addition to
ram pressure, the hot ambient gas can also remove gas
from clouds via heat evaporation. Clouds with masses
less than 104 M lose all the mass within a few hun-
dred Myr due to evaporation, while clouds with masses
greater than 104 M fall back to the center with a frac-
tion of their initial masses. The estimated evaporation
timescales for clouds are similar to the timescale estima-
tion from hydrodynamical simulations by Armillotta et
al. (2017) for individual clouds.
We summarize the fates of clouds with various initial
velocities and masses ejected at 1 kpc from the halo cen-
ter in Figure 4. The left panel shows the maximum dis-
tance that a cloud can travel and the right panel shows
the survival time of the clouds. The fates of clouds can
be classified into three categories:
1. Evaporation (left): Clouds with relative low
masses and high velocities lose all their masses due
to evaporation within 50-1000 Myr while traveling
in the halo. Even with extreme initial velocities,
small clouds can only reach about 50-100 kpc from
the center before being evaporated.
2. Survival (top right): Clouds with high masses and
high velocities can survive over 4 Gyr and most of
them can escape the halo.
3. Recycling (bottom right): Clouds with high
masses but low velocities eventually fall back to
the halo center with a fraction of their initial
masses. The timescale for clouds to be recycled is
about 500-1000 Myr depending on the initial ve-
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Figure 4. Summary of the fates of outflowing clouds with various initial masses and velocities. Left: maximum distance. Right :
survival time.
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Figure 5. Summary of the fates and survival time of inflow
clouds with various initial masses and positions.
locity consistent with results from hydrodynamical
simulations (e.g., Ford et al. 2014; Angle´s-Alca´zar
et al. 2017).
In addition to clouds ejected from the halo center, we
also model the gas clouds falling from a given initial posi-
tion towards the halo center with no initial velocity. The
fates of the inflowing gas clouds are summarized in Fig-
ure 5 showing the survival time of the clouds. Similarly
to the outflow case, clouds with low masses are evapo-
rated in the circumgalactic space while massive clouds
can reach the halo center with a fraction of their initial
masses. For clouds falling from the halo virial radius
(∼200 kpc), it takes about 2 Gyr to reach the center.
3.2. Mass Evolution
With the properties and fates of individual clouds
modeled, we now explore how the ensemble of clouds
evolves with time. To do so, we eject clouds with a given
flow rate and a given initial cloud mass function, as dis-
cussed in Section 2.2. We estimate the fractions of initial
ejected mass (1) staying in the circumgalactic space, (2)
moving beyond the virial radius, (3) evaporated, and (4)
falling back into the center, and explore how the differ-
ent fractions change with model parameters. Figure 6
shows the results for three modes of gas flow models:
the burst outflow model (left column), constant out-
flow (middle column), and constant inflow models (right
column). We also explore three initial mass functions,
power laws with α = 0 (top panel) and α = −1 (mid-
dle panel), and a Schechter function with α = −1 and
M∗ = 105.5M (bottom panel). The color lines indi-
cate masses in different components. Mass within and
outside the virial radius are shown with the blue and
purple lines, respectively. The green line indicates the
recycled mass that falls back to the center, and the red
line shows the amount of mass that is evaporated. The
black dashed line shows the total ejected mass. The gas
flow rate is selected to eject 8×1010M over 4 Gyr. The
mean initial velocity for the outflow models is 500 km/s.
Let us first focus on the burst outflow model with
α = 0, shown in top-left panel, in which all the mass
(8 × 1010 M) is ejected in 500 Myr. The mass in the
circumgalactic medium reaches its maximum at around
400 Myr, and declines afterwards. After 1 Gyr, ∼ 40%
of the total mass has moved beyond the virial radius
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Figure 6. Mass evolution of ejected clouds with three gas flow modes. Left: Burst outflow models; Middle: constant outflow
models; Right : constant inflow models. The total ejected mass is shown with the black lines. The masses in the circumgalactic
space and moving beyond the virial radius are shown in blue and purple, respectively. The mass that recycles back to the center
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and a similar fraction of the mass recycled back to the
center. Only a small fraction of mass remains in the halo
(15%) or gets evaporated (5%). This demonstrates that
a single burst event cannot sustain the circumgalactic
medium for a timescale of billion years. In contrast, in
the constant outflow model, shown in the top middle
panel, the mass in the circumgalactic region can reach
∼ 1010M and remains more or less constant. This is
due to the balance between the constant mass outflow,
the recycled mass, and the escaped mass. As in the
burst outflow, ∼ 40% of the ejected mass returns to
the center as recycled mass, while ∼ 40% escapes the
halo. The mass evolution of the constant inflow model
behaves similarly to the constant outflow model except
that it takes about 2000 Myr for the inflowing clouds to
reach the halo center.
This mass evolution also depends on the shape of the
initial mass function: the typical cloud mass decreases
and the evaporation timescale becomes shorter as α de-
creases. By changing the shape of the initial mass func-
tion from α = 0 to α = −1, the amount of evaporated
mass increases by a factor of 10, as shown in the middle
panels of Figure 6. Finally, adopting a Schechter func-
tion with α = −1 and M∗ = 105.5M as the initial cloud
mass function further reduces the number of massive
clouds and enhances the mass fraction of evaporation
to about 80%, as shown in the bottom panels of Figure
6. One interesting implication is that heat evaporation
reduces the total cloud mass from outflows. Therefore,
the outflow mass estimated from the cool CGM mass is
only a lower limit (e.g., Lan & Mo 2018) and it can be
an order of magnitude lower than the intrinsic outflow
8mass depending on the shape of the mass function. Sim-
ilarly, the evaporation reduces the total infalling cloud
mass that reaches the center. This might be a possible
mechanism to prevent further star-formation in passive
galaxies (see also Zahedy et al. 2018). These results
demonstrate that the total mass in the CGM depends
on the shape of the initial cloud mass function. In the
following, we will show that the shape of the initial mass
function also plays an important role in determining the
profile of the circumgalactic medium.
3.3. Spatial distribution of cool gas clouds
We now investigate the spatial distribution of the
pressure-confined gas clouds as a function of different
initial mass function and initial velocity. To guide the
exploration, we compare our modeled gas properties
with the observed neutral hydrogen gas around star-
forming and passive galaxies at redshift 0.5. To this
end, we use the distribution of the neutral hydrogen
traced by strong MgII absorbers. Such absorbers, with
W2796 > 0.4 A˚, have been considered as a tracer of
the cool circumgalactic gas with neutral hydrogen col-
umn densities NHI > 10
18.5 cm−2 and volume densities
nH ∼ 0.3 cm−3 (e.g., Rao et al. 2006; Me´nard & Ch-
elouche 2009; Lan & Fukugita 2017), consistent with
the properties of the pressure-confined cool clouds in
our model. Strong MgII absorbers have been observed
around both star-forming and passive galaxies, and their
distributions around both types of galaxies are similar
on large scales (rp > 50 kpc) (e.g., Chen et al. 2010;
Nielsen et al. 2013; Lan et al. 2014; Lan & Mo 2018).
Within 50 kpc, however, there is more MgII absorption
around star-forming galaxies than around passive galax-
ies. This excess absorption is most likely associated with
outflows, as is inferred from the azimuthal angle distri-
bution (e.g., Bordoloi et al. 2011; Kacprzak et al. 2012;
Lan & Mo 2018). In our analysis, we use the MgII
covering fraction at redshift 0.5 around galaxies with
stellar mass ∼ 1010.8 M provided by Lan et al. (2014)
with 0.4 < Wλ2796 < 0.8 A˚, 0.8 < Wλ2796 < 1.5 A˚,
and Wλ2796 > 1.5 A˚, as the proxy of neutral hydro-
gen covering fraction with 18.6 < log NHI/cm
−2 < 19.1,
19.1 < log NHI/cm
−2 < 19.6, and log NHI/cm−2 > 19.6,
respectively, based on Equation (2).
Our goal is to explore how different physical mecha-
nisms affect the gas properties by using observational
measurements as a guidance. To this end, we will ex-
amine the effects of individual model parameters one by
one.
3.3.1. Constant outflow models
In this subsection, we explore how the ensemble prop-
erties of cool gas clouds depend on the initial cloud mass
function and the initial cloud velocity by using constant
outflow models as examples.
The effects of initial cloud mass function are il-
lustrated in Figure 7, which shows the structure of the
circumgalactic medium as a function of the shape of the
initial cloud mass function. Here the mean initial cloud
velocity is set to be 500 km/s and a constant outflow
rate of 20 M/yr is assumed. Results are shown for the
snapshot at 2 Gyr. We show only 10% of total number of
clouds with sizes of data points reflecting 3 times of the
physical sizes of clouds. The total mass in the cool cir-
cumgalactic medium is about 109.5− 1010M, with the
exact value depending on the shape of the initial mass
function. The color indicates the NHI the gas cloud.
The morphology and structure of the cool CGM both
depend on the initial cloud mass function. For a power
law function with α = 0, the CGM consists of thousands
of massive clouds with NHI > 10
20 cm−2 (left panel),
while the CGM produced by a power law mass function
with α = −1 contains millions of gas clouds with NHI
ranging from 1018.5 to 1020.5 cm−2 (middle panel). With
an exponential cutoff in the massive end, the Schechter
initial mass function further reduces the number of mas-
sive clouds (red dots) and produces even more small
clouds (right panel).
To quantify the effects of the initial cloud mass func-
tion, we estimate the covering fraction of gas clouds as
a function of NHI and compare the results with the ob-
served ones in the top panel of Figure 8. The predicted
covering fractions are estimated from the interceptions
with clouds out of 50,000 random sightlines with im-
pact parameters ≤ 250 kpc. When multiple clouds are
intercepted by a single sightline, the NHI is the sum of
the NHI of individual intercepted clouds. The average
neutral hydrogen gas covering fraction over the time in-
terval between 2000 Myr and 4000 Myr produced by
the power law mass functions with α = 0 and α = −1
are shown in purple and orange, respectively, with the
bands showing the fluctuation of the covering fraction
over time. With α = 0, the gas covering fraction of
NHI < 10
19.6 cm−2 clouds is close to zero as almost all
the outflow mass is carried by massive clouds, inconsis-
tent with the observed covering fraction shown by the
blue data points. On the other hand, the number of
massive clouds is reduced and that of small clouds en-
hanced in the α = −1 model, and the predicted covering
fraction of NHI < 10
19.6 cm−2 is now of the same order
as the observed one.
Finally, the results assuming a Schechter function with
α = −1 and M∗ = 105.5 M for the cloud mass function
are shown in green color. The Schechter function redis-
tributes the mass in massive clouds (Mcloud > M∗) into
smaller ones, thereby further enhancing the gas cover-
ing fraction of systems with 1018.6 < NHI < 10
19.6cm−2.
The difference between the orange (power law) and
green lines (Schechter function) illustrates the effect of
the mass function. Such an effect can also be seen from
the spatial distribution shown in Figure 7. These re-
sults demonstrate that the initial cloud function can af-
fect the structure the gas distribution around galaxies
significantly, and so can be constrained by the observed
9Figure 7. Snapshots of the spatial distribution of gas clouds in the constant outflow models with three different initial cloud
mass functions at 2 Gyr. Left: a power law initial mass function with α = 0. Middle: a power law initial mass function with
α = −1. Right: a Schecther-like initial mass function with α = −1 and M∗ = 105.5 M. Only 10% of the clouds are plotted
with sizes reflecting 3 times of the physical sizes of the clouds. The color indicates its NHI. The mean initial velocity is 500
km/s.
spatial gas distribution as a function of column densities.
As one can see, the outflow model with the Schechter
cloud mass function can reproduce roughly the observed
gas covering fraction as a function of neutral hydrogen
column densities.
The effects of initial outflow velocity are shown
in the middle row of Figure 8, where results obtained
from three initial outflow mean velocities, 300 (cyan dot-
ted), 500 (green solid) and 700 (blue dashed lines) km/s
are plotted. Comparing to the model with 500 km/s,
the model with 300 km/s is insufficient for the clouds to
propagate far enough. On the other hand, increasing the
mean velocity to be 700 km/s will allow more clouds to
propagate to larger distances. However, since the value
of NHI for a fixed cloud mass decreases rapidly at large
distance, as shown in Fig. 2, the clouds that propa-
gate to large distances do not contribute significantly to
the covering fraction of the relatively high-NHI systems
concerned here.
The initial outflow velocity in a galaxy may be con-
strained by the gas absorption observed toward the
galaxy, i.e. through the so-called down-the-barrel obser-
vation. To do this, we assume that the effective radius
of a galaxy is 5 kpc and calculate the absorption profile
based on
I
I0
(v) = 1− fc(v)× (1− e−τ ), (13)
where I and I0 are the observed flux and the continuum,
respectively, fc(v) is the covering fraction of clouds at
a given velocity, and τ is the optical depth (e.g. Jones
et al. 2018). Here we consider the optical thick region
where absorption lines are saturated and τ is large. In
this case the above equation can be approximated as
1− fc(v). The left panel of Figure 9 shows our modeled
down-the-barrel absorption. The cyan dotted, green
solid, and blue dashed lines show the results with ini-
tial outflow velocity equal to 300, 500, and 700 km/s,
respectively. For comparison, we also show the observed
down-the-barrel strong MgII absorption of star-forming
galaxies (blue histogram) from Zhu et al. (2015). We
note that the observed profile includes not only the ab-
sorption from outflowing gas but also from interstellar
gas, while the modeled profile includes only outflowing
gas. As the interstellar gas absorption is expected to
occur mostly around zero velocity, the observed blue-
shifted absorption wing (< −200 km/s) is expected to
be due to outflowing gas, and so can be directly com-
pared with the modeled profile. The models assuming a
mean initial velocity between 300 and 500 km/s is able
to roughly reproduce the blue-shifted absorption profiles
seen in the observation, while the model with 700 km/s
produces absorption that is stronger than the observed
one at velocities < −500 km/s. The modeled down-the-
barrel absorption profile is asymmetric, consistent with
the observation. This is due to two effects of the hot gas:
(1) the hot gas evaporates a fraction of outflow clouds
as they move out, and (2) the ram pressure decelerates
the clouds even when they are falling back towards the
center.
Another observable that can be used to test the model
prediction is the line of sight gas velocity dispersion. To
derive such quantities with our models, we first esti-
mate the gas covering fraction as a function of velocity
and obtain mock absorption spectra as a function of im-
pact parameters. To compare and mimic the observa-
tion from SDSS (Lan & Mo 2018), we first smooth the
10
20 50 100
0.01
0.1
1.0
f c
co
ve
ri
ng
fr
ac
ti
on
18.6 < logNHI < 19.1
20 50 100
rp [kpc]
Constant outflow models (vini, M˙out) = (500 km/s, 20 M¯/yr)
(α,M∗) = (−1, 105.5M¯)
Schechter function
α = −1
α = 0
Power law
19.1 < logNHI < 19.6
20 50 100
Star-forming galaxies
(Lan et al. 2014)
logNHI > 19.6
20 50 100
0.01
0.1
1.0
f c
co
ve
ri
ng
fr
ac
ti
on
18.6 < logNHI < 19.1
20 50 100
rp [kpc]
Constant outflow models (M˙out, α,M∗) = (20 M¯/yr,−1, 105.5 M¯)
— vini = 500 km/s
— vini = 500 km/s+
50% ram pressure effect
.... vini = 300 km/s
- - vini = 700 km/s
19.1 < logNHI < 19.6
20 50 100
Star-forming galaxies
(Lan et al. 2014)
logNHI > 19.6
20 50 100
0.01
0.1
1.0
f c
co
ve
ri
ng
fr
ac
ti
on
18.6 < logNHI < 19.1
400 Myr
800 Myr
1200 Myr
1600 Myr
20 50 100
rp [kpc]
Burst outflow model (vini, M˙out, α,M∗) = (500 km/s, 340 e−t/200 Myr M¯/yr,−1, 105.5 M¯)
19.1 < logNHI < 19.6
20 50 100
Star-forming galaxies
(Lan et al. 2014)
logNHI > 19.6
Figure 8. Covering fraction of gas clouds as a function of neutral hydrogen column density. The blue data points show the
observed covering fraction from Lan et al. (2014). Top: Covering fraction as a function of initial cloud mass function. The
results of power law mass functions with α = 0 and α = −1 are shown by purple and orange lines respectively. The green lines
show the results from a Schechter like mass function with α = −1 and M∗ = 105.5 M. Middle: Covering fraction as a function
of mean initial cloud velocity with 300, 500, and 700 km/s shown by dotted, solid, and dashed lines, respectively. Bottom:
Covering fraction as a function of time with a burst outflow model.
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mock absorption spectra with a Gaussian kernel with
70 km/s (SDSS spectral resolution) and then estimate
the gas velocity dispersion by fitting the smoothed mock
absorption spectra with a Gaussian profile. Finally, we
subtract the spectral resolution in quadrature as done
in Lan & Mo (2018). The right panel of Figure 9 shows
the modeled line-of-sight velocity dispersion of pressure-
confined outflow gas clouds. As expected, the gas ve-
locity dispersion increases with the mean initial out-
flow velocity. The modeled gas velocity dispersion de-
creases with impact parameter due to the fact that the
velocities of clouds are decelerated by both the gravity
and the ram pressure of the hot gas. For clouds with
Mcloud ∼ 104 − 105M that can reach large distances
(∼ 100 kpc, as shown in Figure 3), their velocities are
only tens of km/s. This is in contrast to the observed gas
line of sight velocity dispersion obtained from MgII ab-
sorption lines detected in the stacked background quasar
spectra around star-forming galaxies, shown by the blue
data points (Lan & Mo 2018). This indicates that some
other mechanisms are needed to increase the gas velocity
dispersion in the halos. One possible way is to reduce the
deceleration from the ram pressure effect, as discussed
below.
The effects of ram pressure - To explore how the
ram pressure affect the properties of the gas, we adjust
the ram pressure efficiency Cd in Equation 4 to be only
50% of the default value. The results are shown by the
light green color in Figure 9. As one can see, lowering
the ram pressure efficiency does not affect significantly
the down-the-barrel absorption. This is because the ab-
sorption is mostly produced by gas clouds that have just
been ejected from the center (left panel of Figure 9). On
the other hand, by lowering the ram pressure efficiency,
the gas line-of-sight velocity dispersion is enhanced by
about a factor of 1.5, closer to the observed values, as
shown in the right panel of Figure 9. Lowering the ram
pressure efficiency allows more gas clouds to travel to
larger distances, but it does not affect the gas cover-
ing fraction significantly, as shown in the middle panel
of Figure 8, where the gas covering fractions obtained
from the default ram pressure efficiency and from 50%
efficiency are shown by the green and light green lines,
respectively.
These results indicate that only with a certain com-
bination of parameters, the semi-analytic model con-
sidered here is able to reproduce the observed spatial
distribution, down-the-barrel profile, and gas kinemat-
ics of cool CGM around star-forming galaxies. In other
words, these observed gas properties together can pro-
vide strong constraints on physical models of outflows.
3.3.2. Burst outflow models
In addition to the constant outflow models, we show
the covering fraction of gas predicted by the burst out-
flow model in the bottom panel of Figure 8. As shown
in Figure 5, such models eject a large amount of mass
into the CGM within ∼ 300− 400 Myr, and in 1-2 Gyr
the total mass decreases by more than 50% due to heat
evaporation or gas recycling. The color lines show the
evolution of covering fraction as a function of time. As
can be seen, the covering fraction in the inner region de-
creases from 100% to 10% over the period from 400 Myr
to 1600 Myr. This demonstrates that to maintain the
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Figure 10. Top: Predicted covering fractions by inflow models as functions of the initial mass function. The results of power
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et al. (2014).
amount of mass in the CGM over a long period time, a
replenishment of the circumgalactic gas is required.
3.3.3. Inflow models
We now investigate the spatial distribution of gas
clouds from the inflow models. Expected to occur
around both star-forming and passive galaxies, gas in-
flows are a possible source of the cool gas observed
around passive galaxies. In the following, we explore
such a scenario by modeling the spatial distribution of
cool gas clouds falling from the outskirt of the halos and
compare the output with observations. The model as-
sumes that gas clouds are initially located at 200 kpc
from the halo center and fall towards the center of the
halo with a constant mass flow rate of 20 M/yr. The
system is evolved over 4 Gyr. As shown in Figure 6, the
amount of mass in CGM becomes stable after about 2
Gyr. The upper panel of Figure 10 shows the average
covering fraction of the inflow gas clouds over a period
from 2000 Myr to 4000 Myr for sightlines of different
NHI. Results are shown for different cloud mass func-
tions: power laws with α = 0 and −1 in purple and
orange, respectively, and a Schechter function in green.
The red and blue data points show the observed cov-
ering fraction based on MgII absorbers around passive
and star-forming galaxies from Lan et al. (2014).
As in the outflow models, the covering fraction of
the inflowing gas as a function of the HI column den-
sity depends on the shape of the initial mass function.
The power law model with α = 0 (purple) produces
only massive clouds, while steeper initial mass functions
(α = −1, orange, and a Schechter like, green) can pro-
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duce more small clouds and therefore larger gas covering
fractions that match better the observed ones.
Let us have a close look at the dependence of the
shape of the covering fraction on NHI predicted by the
Schechter model of initial cloud mass function (green
lines). The covering fraction of NHI > 10
19.6 cm−2 (right
panel) increases monotonically towards the center, while
the covering fraction of NHI < 10
19.6 cm−2 (left and
middle panels) becomes flat or even decreases slightly
towards the center. This difference is due to projection
effect. The monotonic increasing trend of covering frac-
tion for NHI > 10
19.6 cm−2 is produced by relatively
massive clouds that can survive long time and reach
to the inner region of the halo where the clouds have
higher NHI, as shown in Figure 2. In contrast, due to
the evaporation, there is no small clouds that can sur-
vive long enough to reach to the center and contribute
to the covering fraction of NHI < 10
19.6 cm−2. Thus, the
covering fraction of NHI < 10
19.6 cm−2 within rp < 100
kpc is due to clouds at large distances > 100 kpc but
projected in the plane perpendicular to the line of sight.
The projection yields to a flat covering fraction in the
inner region. We note that for all the cases we have
explored, the modeled covering fraction for clouds with
1018.6 < NHI < 10
19.1 cm−2 is always lower than the
observed ones as shown in Figure 10. This is due to
the fact that, with a given mass, only within a nar-
row range of locations beyond 100 kpc that clouds can
have 1018.6 < NHI < 10
19.1 cm−2, as shown in Figure
2. These results show that the inflow model can repro-
duce the observed covering fractions of high NHI systems
around passive galaxies within 100 kpc, but it fails to
reproduce the low NHI systems.
3.3.4. In-situ models
Gas clouds that form in-situ in the halos due to ther-
mal instability and cooling (e.g., Kaufmann et al. 2006;
Hummels et al. 2018) are another possible source for
the cool gas observed around passive galaxies. We now
consider and model this scenario by populating clouds
falling in the halos with initial positions following a
NFW and a power law, n(r) ∝ r−1, density distribu-
tions. The cloud mass formation rate is 20 M/yr with
the Schetchter function of α = −1 and M∗ = 105.5M.
The covering fraction of clouds from the NFW profile
(orange) and the power law (purple) are shown in the
lower panel of Figure 10.
The surface mass density profile corresponding to a
NFW profile is about Σ ∝ r−1p , similar to the profile of
the observed covering fraction. However, with a given
cloud mass, the corresponding NHI decreases with rp
because of the hot gas profile shown in Figure 2. These
two factors together produce a sharp decrease of the
covering fraction beyond 100 kpc.
In comparison to the NFW profile, the power law dis-
tribution produces a constant surface density profile,
with more mass located in the outskirt. Consequently,
the profile of the covering fraction is more extended, as
shown in the lower panel of Figure 10. However, the cov-
ering fraction in the inner region is lower than that pre-
dicted by the NFW profile. The inner profile of the cov-
ering fraction is also flatter due to the fact that the cov-
ering fraction is mostly contributed by clouds at larger
distance in three-dimensional space. The power law dis-
tribution predicts covering fractions that are similar to
the inflow models, but with an enhancement of covering
fraction for high NHI systems by a factor of ∼ 1.5 − 2
in the inner region due to clouds directly formed in-situ
close to the center.
Comparing with the observed covering fractions, we
conclude that both the gas clouds falling from the out-
skirt of the halo and clouds directly formed in-situ are
able to explain the observed high NHI systems around
passive galaxies, but both fail to explain the low NHI
systems.
4. DISCUSSION
4.1. Dependence on other model parameters
Here we discuss how the properties of the cool gas
depend on other parameters in the model.
4.1.1. Dependence on hot gas
The properties of the cool clouds are affected by the
adopted model for hot gaseous halos. Since the hot gas
properties correlate with the halo masses in our model,
we illustrate such an effect by calculating the properties
of the cool gas as a function of halo mass while keep
other parameters intact. Figure 11 shows the depen-
dence of the hydrogen volume density and the neutral
hydrogen column density on the halo mass. For the hot
gas model adopted here, the pressure of hot gas at a
given radius scale with the halo mass as M2halo, as re-
flected in the volume density of the cool gas shown in
the upper panel. The lower panel shows the neutral hy-
drogen column density of clouds with a fixed cloud mass
104M as a function of halo mass indicated by the color
lines. We find that clouds with NHI > 10
19 cm−2 can
only be found around halos with masses greater than
∼ 1011.75M due to the fact that hydrogen in cool
clouds becomes highly ionized when the volume density
is low.
This result suggests that absorbers with high column
density in neutral hydrogen e.g. NHI > 10
19cm−2 and
single-ionized gas (e.g., MgII, SiII) only exist in halos
that can provide sufficient pressure-support from hot
ambient gas. In addition, the high column density sys-
tems are preferentially found near the center of the ha-
los where the pressure of the hot gas is expected to
be higher. Thus, this model of pressure-confined gas
cloud predicts that the incidence rate of absorbers with
high column density in neutral hydrogen and in single-
ionized metal elements increases with halo mass while
decreases with radius. This trend is consistent with ob-
servations that high neutral hydrogen column density
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Figure 11. Hydrogen volume density and neutral hydro-
gen column density as a function of halo mass and position.
Top: Hydrogen volume density. Bottom: Neutral hydrogen
column density for clouds with 104M.
systems, such as strong MgII absorbers, sub-DLAs and
DLAs, tend to be found around massive galaxies (e.g.,
Chen et al. 2010; Lan et al. 2014; Kanekar et al. 2018).
4.1.2. Evaporation factor
In Equation (8), we introduce a factor f to control the
efficiency of cloud mass loss due to evaporation. This
factor affects the amount of mass in the circumgalactic
medium by reducing the lifetime of clouds. In our model,
we set f to be 5%. If f is taken to be 100%, i.e. 20
times as high as we adopt, the gas flow rate needs to
be increased by a factor of 20 in order to maintain the
same amount of the mass in the CGM. This leads to
an unreasonably high value of the gas flow rate, about
400 M/yr for the constant outflow/inflow models to
match the observed covering fractions. In addition, high
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Figure 12. The effect of the evaporation factor on the max-
imum travel distance of clouds. With 5% efficiency, clouds
with 500 km/s and 104 M can reach 60 kpc with ∼50% of
initial mass, while with 100% efficiency, the clouds lose all
the mass at 15 kpc.
f will reduce the travel distances of outflow clouds and,
therefore, the extension of the cool circumgalactic clouds
originated from galaxies.
In Figure 12, we show the effect of the evaporation ef-
ficiency on the travel distance of gas clouds ejected from
the center with 500 km/s initial velocity and 104M
initial cloud mass. The figure shows that with the evap-
oration factor we adopt, 5%, the gas cloud can travel to
about 60 kpc from the center while retain about 50%
of the initial mass at the maximum distance determined
by gravity and the ram pressure of the system. In con-
trast, for higher evaporation factors, gas clouds lose all
the mass while moving outwards and the maximum dis-
tances are set by the evaporation. With 100% evapo-
ration factor, the maximum travel distance is only 15
kpc. This result illustrates that low evaporation fac-
tor is needed to produce the cool CGM with reasonable
parameter values.
4.2. The evaporated gas in the CGM
Our model shows that a significant fraction (∼ 50%
for α = −1 and ∼ 80% for a Schechter mass function)
of total ejected cloud mass is evaporated. This suggests
that the circumgalactic medium also contains the evap-
orated gas. Although the physics of the evaporated gas
is not well-developed and not included in our model, the
temperature and the density of the evaporated gas are
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expected to be between that of pressure-confined gas
clouds and that of the hot ambient gas over a certain
timescale (e.g., Balbus & Potter 2016). This may be
investigated with high resolution hydrodynamic simula-
tions for individual clouds (e.g., Armillotta et al. 2017;
Liang & Remming 2018; Sparre et al. 2018). For exam-
ple, Armillotta et al. (2017) demonstrate that the inter-
action between the hot ambient gas and the pressure-
confined clouds can produce evaporated and stripped
gas with relatively low column density, and highly ion-
ized species, such as SiIII and OVI (their Figure 3 and
Figure 6). These results demonstrate that the evapo-
rated gas may be responsible for a significant fraction
of the relatively highly-ionized absorption line systems,
such as CIV and OVI, and perhaps some low column
density systems of lowly-ionized species, such as MgII.
It is important to understand the properties of such gas
in detail in order to have a complete picture of the CGM.
4.3. Comparisons with other studies
A universal density model - Motivated by obser-
vations, Stern et al. (2016) develop a hierarchical den-
sity structure model for the circumgalactic medium as-
suming that the density structure of the circumgalactic
medium follows a power law distribution with high den-
sity gas embedded in the low density one. They show
that this density structure can simultaneously reproduce
the column densities of metal species in neutral (e.g.,
MgI) to highly ionized phase (e.g., OVI) at redshift 0.1.
Despite that this model and our model start with differ-
ent assumptions, the two predict similar MgII gas prop-
erties: cloud sizes about 50 pc and cloud masses about
102 − 103 M (See their Table 1).
Shattering cloudlet model - Recently, McCourt
et al. (2018) propose that the pressure-confined cool
gas clouds will be fragmented into tiny droplets with
a characteristic scale with NH ∼ 1017cm−2 correspond-
ing to the scale of the product of sound velocity and
cooling time. This property has been demonstrated in
high-resolution hydrodynamical simulations (e.g., Mc-
Court et al. 2018; Liang & Remming 2018; Sparre et
al. 2018). As discussed in McCourt et al. (2018), for
a single droplet with NH ∼ 1017 cm−2, the gas is op-
tical thin and highly ionized; However, a collection of
droplets can be self-shielded and produce systems with
high neutral hydrogen column densities. In some sense,
a single cloud in our model can be considered as a col-
lection of droplets which are physically associated with
each other and move together.
Cool gas inconsistent with the pressure equilib-
rium scenario - Using the data from COS on the Hub-
ble telescope, Werk et al. (2014) characterized the phys-
ical properties of the gas around galaxies at redshift∼
0.1. Using the CLOUDY simulation, they found that
the detected cool gas has volume density to be 10−3 −
10−4 cm−3, inconsistent with the density of pressure-
confined cool gas in 1012 M halos. They concluded
that the scenario in which cool circumgalactic gas is
in the pressure equilibrium is a poor description of the
CGM. However, as shown in this study, the gas clouds
in pressure equilibrium are expected to be most neu-
tral with high neutral hydrogen column densities NHI >
1018.5 cm−2, and with the covering fraction traced by
strong MgII absorbers at most 20− 30% at 50 kpc and
5 − 10% at 100 kpc. Having 44 sightlines intercepting
the CGM of galaxies with a wide range of halo masses
from 1011.3 to 1013.5M (Tumlinson et al. 2013), it is
possible that the pressure-confined gas clouds are not
well sampled by the observation and most of the sight-
lines intercept some diffuse gas, such as evaporated gas
in our model, which may have a range of temperatures
and may not be in pressure equilibrium with the hot
gas. In addition, it is possible that a single phase model
is not adequate to capture the underlying multiphase
gas structure as illustrated in Stern et al. (2016). Given
above, we argue that more data and advanced modeling
are required to better test the scenario of the pressure
equilibrium.
4.4. Limitations and directions for future work
Hot gas - As shown in this work, the pressure con-
fined cool gas properties depend on the assumed hot gas
properties. In our model, we assume that the hot gas is
in hydrostatic equilibrium. However, it may not reflect
the real properties of hot gas as suggested by Oppen-
heimer (2018). In addition, we only consider the hot gas
profile from a halo with 1012M when comparing with
observations. However, the observed covering fractions
are expected to be obtained from a galaxy population
living in halos with a range of mass. For future stud-
ies, one needs to take this halo mass dependence into
account.
Cool gas - we calculate the physical properties of
the cool gas by assuming that the cloud temperature
is a constant 104 K. However, it is expected that the
cloud temperature can vary depending on the heating
mechanisms. We have performed a calculation by ad-
justing the cloud temperature. If the cloud temper-
ature is assumed to be 5000 K, the column density,
NHI, will be enhanced for a given cloud mass. There-
fore, for the initial mass function with α = −1 and
M∗ = 105.5 M adopted in this work, the model will
produce more NHI > 10
19.5 cm−2 systems and overpro-
duce the gas covering fraction for such systems. On the
other hand, by increasing the temperature of clouds to
be 20000 K, all the gas clouds become highly ionized
with NHI < 10
19 cm−2. Such a scenario cannot produce
any high column density systems as observed. This sug-
gests that the adopted cloud temperature with 104 K is
perhaps reasonable for reproducing the gas properties of
high NHI gas absorbers.
Survival of clouds - One of the key assumptions in
our model is that the clouds are not destroyed by the
hydrodynamic instability. Although a number of stud-
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ies have shown that various mechanisms can suppress
the effect of hydrodynamical instability (e.g., Vietri et
al. 1997; McCourt et al. 2015; Armillotta et al. 2017;
Gronke & Oh 2018), it is still unclear how these mecha-
nisms operate in reality. This problem is related to the
problem of entraining the cool gas along with a hot wind
(e.g., Zhang et al. 2017). However, we argue that the ex-
istence of cool gas and the evidence of contribution from
outflows in the halos (e.g., Bordoloi et al. 2011; Lan &
Mo 2018) suggest that either the cool gas outflows must
survive over the hydrodynamic instability, as we assume
in our model, or cool gas is redistributed in the halos by
some other mechanisms associated with outflows (e.g.,
Thompson et al. 2016; Lochhaas et al. 2018).
Gas properties at large scales - Our model has
difficulties in explaining systems with NHI > 10
19 cm−2
beyond 100 kpc (e.g., Zhu et al. 2014; Huang et al. 2016;
Lan & Mo 2018) due to the low volume density of the
hot ambient gas as shown in Figure 2. It is, therefore,
likely that some of the systems at large distances are
produced by neighboring halos due to spatial clustering
of halos. Such ‘two-halo’ term is not included in our
current model, but should be modeled.
5. SUMMARY
We develop a flexible semi-analytic framework to
explore the physical properties of the cool pressure-
confined circumgalactic clouds with mass from 10 M
to 108M. We take into account the effects of gravity
and interaction between hot gas and cool gas and model
the trajectory, the lifetime, and the observed proper-
ties of the cool clouds with CLOUDY simulations. The
ensemble properties of the cool CGM are explored by
populating clouds following various mass functions in
the halos with three origins, outflows, inflows, and in-
situ formation. With this framework, we investigate
how different mechanisms affect the observed properties
of the cool CGM. Our results are summarized as follows:
1. The pressure-confined cool gas clouds have NHI >
1018.5 cm−2 with sizes about 10-100 pc similar
to the observed properties of strong metal ab-
sorbers, sub-DLAs, and DLAs observed towards
background spectra.
2. We illustrate the effect of hot gas on the motion
and lifetime of cool gas clouds; the ram pressure
from the hot gas prevents most of the high veloc-
ity cool clouds from escaping the system and heat
evaporation destroys small clouds in about hun-
dred million years. Because of these mechanisms
and gas recycling, the cool CGM is transient and
therefore a constant replenishment is required to
sustain it.
3. We demonstrate that the morphology and struc-
ture of the CGM depend on the shape of the initial
cloud mass function. A Schechter-like mass func-
tion is favored in order to produce covering frac-
tions as a function of HI column density that are
comparable to the observed ones.
4. We show that only with certain combinations of
parameters can the model reproduce the three
gas properties of star-forming galaxies: the spa-
tial distribution, down-the-barrel outflow absorp-
tion, and gas velocity dispersion at the same time.
This demonstrates the constraining power of the
observed CGM properties on physical models of
outflows.
5. We show that high NHI gas around passive galaxies
may also be explained by in-situ gas clouds and gas
inflow, while such models under-produce low NHI
systems.
6. We demonstrate how the cool gas properties de-
pend on the assumed halo mass and evaporation
efficiency. This model predicts that high neutral
hydrogen column density systems should tend to
be found in massive halos and close to the center
where the hot gas pressure is expected to be the
highest. In addition, to maintain the cool CGM
with a more realistic gas flow rate, the heat evap-
oration factor needs to be much lower than the
classical efficiency.
These results demonstrate that analytic and semi-
analytic approaches are another promising way to un-
derstand and explore physical mechanisms that govern
the properties of the cool CGM without limited by the
numerical resolution as indicated by recent simulations
and theoretical models (e.g., McCourt et al. 2018; Sparre
et al. 2018; van de Voort et al. 2018; Peeples et al. 2018;
Hummels et al. 2018). Finally, we list two key properties
of the pressure-confined cool CGM which can be tested
by future observations:
• The pressure of hot gas halo increases with halo
mass and decreases with impact parameter. These
dependences are expected to be reflected in the
properties of the pressure-confined cool CGM.
With a statistical sample, one can possibly map
out the pressure profile of cool gas as a function
of halo mass and impact parameter and confront
the observation with this model (e.g. Werk et al.
2014; Zahedy et al. 2018).
• Based on the blueshifted absorption line profile ob-
served down-the-barrel, the typical velocity of cool
gas outflows is about a few hundred km/s. Our
model shows that most of cool gas clouds with
such initial velocities can not escape the halos.
They are mostly confined within 100 kpc (Figure
3). Therefore, the gas clouds are expected to en-
hance the covering fraction and metallicity within
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such a scale. This scenario can be tested by prob-
ing the covering fraction (e.g. Lan & Mo 2018) and
metallicity profiles (e.g. Pe´roux et al. 2016) of cool
gas around star-forming galaxies as a function of
impact parameters.
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